Both cis elements and host cell proteins can significantly affect HIV-1 RNA processing and viral gene expression. Previously, we determined that the exon splicing silencer (ESS3) within the terminal exon of HIV-1 not only reduces use of the adjacent 3 splice site but also prevents Rev-induced export of the unspliced viral RNA to the cytoplasm. In this report, we demonstrate that loss of unspliced viral RNA export is correlated with the inhibition of 3 end processing by the ESS3. Furthermore, we find that the host factor Sam68, a stimulator of HIV-1 protein expression, is able to reverse the block to viral RNA export mediated by the ESS3. The reversal is associated with a stimulation of 3 end processing of the unspliced viral RNA. Our findings identify a novel activity for the ESS3 and Sam68 in regulating HIV-1 RNA polyadenylation. Furthermore, the observations provide an explanation for how Sam68, an exclusively nuclear protein, modulates cytoplasmic utilization of the affected RNAs. Our finding that Sam68 is also able to enhance 3 end processing of a heterologous RNA raises the possibility that it may play a similar role in regulating host gene expression.
INTRODUCTION
Expression of the full complement of HIV-1 proteins depends on a number of post-transcriptional processes . Suboptimal splicing of the primary transcript generates over 30 mRNAs (Schwartz et al. 1990; Purcell and Martin 1993) . Many of these mRNAs, including those that encode the viral proteins Gag, Gagpol, Vif, Vpr, Vpu, and Env, are intron containing and are therefore normally retained in the nucleus. Transport of the incompletely spliced viral RNAs is mediated by the action of the virus-encoded Rev protein. Rev interacts with the Rev Response Element (RRE) within the 9-kb and 4-kb viral RNAs and complexes with Crm1/Exportin 1 in a RanGTP-dependent manner to mediate export of these RNAs to the cytoplasm (Pollard and Malim 1998; Hope 1999) .
In light of the number of RNAs that must be produced from the primary HIV-1 transcript to generate the full spectrum of viral proteins, the regulation of splicing plays a central role in the virus life cycle. This regulation is exercised at several levels. At the level of cis-acting signals, splicing is controlled by the suboptimal nature of the 3Ј splice sites (Staffa and Cochrane 1994; O'Reilly et al. 1995) as well as the exon splicing enhancers (ESEs) and exon splicing silencers (ESSs) throughout the RNA, which act to promote and inhibit recognition of the adjacent splice site, respectively (Amendt et al. 1994; Staffa and Cochrane 1995; Si et al. 1998; Caputi et al. 1999; Bilodeau et al. 2001) . Moreover, the ESE and ESS within the terminal exon also regulate viral RNA transport. Deletion of the ESE results in loss of Revinduced transport of the unspliced RNA to the cytoplasm (Pongoski et al. 2002) . The inhibition of Rev-induced RNA transport is ESS dependent because deletion of both the ESE and the ESS restores transport of the RNA.
In addition to viral sequences, host factors can also negatively or positively modulate viral RNA splicing and transport (Luo et al. 1994; Powell et al. 1997; Bilodeau et al. 2001; Jacquenet et al. 2001; Pongoski et al. 2002) . Sam68 (Src associated during mitosis of 68 kDa), a member of the STAR (signal transduction and activation of RNA) family of proteins (Fumagalli et al. 1994; Taylor and Shalloway 1994 ) is able to increase Rev function in a number of cell lines (Reddy et al. 1999 (Reddy et al. , 2000 Soros et al. 2001; Li et al. 2002a,b) . Other members of the STAR protein family have activities that are indistinguishable from Sam68 (Soros et al. 2001; Reddy et al. 2002) . These proteins all have a domain with homology to the KH RNA binding motif (Gibson et al. 1993; Siomi et al. 1993 ) located within a conserved region designated the GSG domain (Di Fruscio et al. 1999) . Sam68 is a nonshuttling, nuclear protein that shows accumulation within foci in the nucleus (Huang 2000; Soros et al. 2001 ). In addition to its effect on HIV-1 Rev function, Sam68 can also enhance cytoplasmic utilization of RNAs and modulate alternative splicing of the CD44 gene (Matter et al. 2002; Coyle et al. 2003) . A truncation mutant of Sam68 (lacking the C-terminal 100 amino acids, designated Sam68⌬C) is a potent inhibitor of Rev activity (Reddy et al. 1999; Soros et al. 2001) . In contrast to Sam68, Sam68⌬C is localized predominately in the cytoplasm (Reddy et al. 1999 , Soros et al. 2001 and its inhibition of HIV-1 gene expression is associated with accumulation of both the protein and viral RNA at the nuclear periphery (Soros et al. 2001) .
In this report, we demonstrate that the ESS within the terminal exon (ESS3) blocks cleavage and polyadenylation of the RNA in addition to its effects on splicing. Furthermore, we show that expression of Sam68 is able to enhance 3Ј end processing of unspliced viral RNA concomitant with an increase in viral protein synthesis. Stimulation of 3Ј end processing is observed for all viral constructs tested as well as in a heterologous context (doublesex [dsx] gene), suggesting that Sam68 may affect multiple genes within the cell. However, the Sam68 stimulation of RNA 3Ј end processing was not accompanied by significant changes in the cytoplasmic accumulation of viral RNA. This finding suggests that the Sam68-induced increase in HIV-1 gene expression must be achieved through increasing the translation efficiency of the viral RNA.
RESULTS
The ESS within the terminal exon of HIV-1 inhibits 3 end processing of viral RNA
In this study, we use the previously characterized HIV-1 reporter, pgTat, derived from the env portion of HIV-1 hxb3 ( Fig. 1 ; Malim et al. 1989) . The vector contains the first coding exons of Tat and Rev and the sequence encoding gp120 but lacks the last 105 C-terminal amino acids of gp41 and much of the second coding exon of Rev. Therefore, export of the introncontaining env RNA and subsequent gp120 expression is observed only when Rev is provided in trans. With regard to RNA processing signals, the vector contains the native 5Ј and 3Ј splice sites (ss) and ESE and ESS3 previously identified in the terminal exon (Staffa and Cochrane 1995) .
Previously, we demonstrated that the ESS3 within the terminal exon of HIV-1 not only inhibits use of the adjacent 3Ј ss but also blocks Rev-mediated export of the unspliced viral RNA to the cytoplasm (Pongoski et al. 2002; Asai et al. 2003) . This block to Rev-mediated export was not due solely to the inhibition of splicing because replacement of ESS3 with high affinity hnRNP A1-binding sites was found to yield a comparable reduction in splicing but did not inhibit RNA transport (Asai et al. 2003) . Consequently, to identify the basis for the ESS3-induced block to unspliced RNA transport, our focus shifted to events other than splicing that are implicated in controlling RNA nuclear/cytoplasmic transport. Previous work established that inhibiting 3Ј end processsing of RNA polymerase II transcripts prevents RNA transport (Custodio et al. 1999; Brodsky and Silver 2000; Dower and Rosbash 2002) . This point is particularly relevant to HIV-1, as an earlier report found that Rev-mediated export is dependent on proper 3Ј end processing of the viral RNA (Huang and Carmichael 1996) . Taken together, these observations suggest that the effect of ESS3 on Rev function could be mediated by alterations in the extent of viral RNA polyadenylation.
To test this hypothesis, we examined five constructs: pgTat, containing both the ESE and ESS3; pgTat⌬E, which lacks the ESE; pgTat⌬S, which lacks the ESS3; pgTat⌬E⌬S SL1, which has replaced the ESE and ESS3 with a similar size sequence from the EDA exon of the human fibronectin gene; and pgTat⌬E⌬S A1, in which we replaced the ESE and ESS3 with two consensus hnRNP A1 binding sites (see Fig.  1A ). To analyze 3Ј end processing of both spliced and unspliced viral RNAs, we performed RNA protection assays (RPAs) using a probe that spanned both the 3Ј ss and the polyadenylation signal. Four protection products are generated corresponding to the unspliced, uncleaved RNA (US/ UC); unspliced, 3Ј-end-processed RNA (US/C); spliced, uncleaved RNA (S/UC), and spliced, 3Ј-end-processed RNA (S/C). As described earlier (Pongoski et al. 2002) , deletion of the ESE causes a significant inhibition of viral RNA splicing that is restored upon removal of both the ESE and ESS3 (Fig. 1B , lane 7 versus lane 9). Analysis of total RNA isolated from cells transfected with the plasmids demonstrates that the ESS3 inhibits not only splicing but also the formation of the 3Ј-end-processed RNAs. Deletion of the enhancer (pgTat⌬E) leads to a significant reduction in both the level of splicing and 3Ј end processing (Fig. 1B , lanes 5,7 vs. lanes 4,6). Replacement of the native ESE and ESS3 with two high affinity hnRNP A1-binding sites (pgTat⌬E⌬S A1) also inhibits splicing but yields higher levels of US/C RNA (Fig.  1B, lane 8; Fig. 1C) . Deletion of the ESS3 alone (pgTat⌬S) resulted in all four forms of viral RNA being detected but more of the S/UC and S/C RNAs accumulated (Fig. 1B, lane  10) . A compilation of RPA data from multiple, independent trials is provided in Figure 1C . Analysis demonstrated that only pgTat⌬E and pgTat⌬E⌬S A1 yield significant differences in the extent of unspliced env RNA 3Ј end processing relative to pgTat. Furthermore, RNAs from pgTat⌬E⌬S A1 reproducibly have higher levels of 3Ј end processing than pgTat⌬E.
The differences in the extent of cleavage at the polyadenylation signal of the unspliced RNA among the various constructs allowed us to ask which form of the unspliced viral RNA was transported into the cytoplasm upon Rev expression. Cells were transfected with pgTat or deletion/ substitution variants thereof in the presence or absence of functional Rev, nuclear and cytoplasmic fractions isolated, and RNA analyzed. Upon comparison of nuclear and cytoplasmic fractions in the presence of Rev, we observed differences in the ratio of cleaved to uncleaved unspliced viral RNAs (US/C to US/UC ratio; Fig. 2 ). In the nucleus, the US/UC form is equivalent or predominant to the US/C form of the RNA. However, US/C RNA is the major form of unspliced viral RNA in the cytoplasm, indicating that Rev selectively transports this RNA. Cytoplasmic accumulation of unspliced RNA was reduced in the case of pgTat⌬E.
Sam68 reverses the block to env

RNA expression mediated by the exon splicing silencer
Recent studies have demonstrated that overexpression of Sam68, a host cell protein, can dramatically stimulate Rev function. As a demonstration of Sam68 function, we studied the effect of its coexpression on gp120 production from pgTat, pgTat⌬E, or pgTat⌬E⌬S SL1. Consistent with previous work (Soros et al. 2001 ), Sam68 expression resulted in increased production of gp120 from pgTat and pgTat⌬E⌬S SL1 relative to that seen with Rev alone (Fig. 3A) . In the absence of Rev, little expression above background was detected. In contrast, expression of Rev alone was not suffi-FIGURE 1. Inhibition of env RNA 3Ј end processing by ESS3. (A) Schematic of reporter constructs used. Boxes denote exon sequences, the bar the intron sequences within pgTat. Four variants of pgTat were analyzed to assay the impact of various deletions within the terminal exon on 3Ј processing of the RNAs generated. Shown are the sequences of a portion of the terminal exon. The vector pgTat contains both the ESE and ESS3, pgTat⌬E lacks the ESE, pgTat⌬S lacks the ESS3, pgTat⌬E⌬S SL1 has replaced both the ESE and ESS3 with a sequence derived from the EDA exon of the fibronectin gene, and pgTat⌬E⌬S A1 has replaced the ESE and ESS3 with two copies of the consensus hnRNP A1-binding site (underlined sequence). The solid line above indicates the position of the RNA probe used to monitor both splicing and 3Ј end processing of the generated RNAs. Due to variations in the exon sequence of the various pgTat mutants, RPA probes were generated for each construct tested. (B) Cells were transfected with pgTat, pgTat⌬E (⌬E), pgTat⌬S (⌬S), pgTat⌬E⌬S SL1 (⌬E⌬S SL1) or pgTat⌬E⌬S A1 (⌬E⌬S A1). Total RNA was isolated and used in RNA protection assays. Following treatment with ribonuclease, samples were fractionated on denaturing PAGE gels and the location of bands determined following exposure to phosphor screens. 
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www.rnajournal.org cient to induce gp120 expression from pgTat⌬E. However, coexpression of Rev and Sam68 did induce significant levels of gp120 production from pgTat⌬E. In principle, Sam68 could achieve these effects by altering viral RNA processing/transport, increasing cytoplasmic utilization of the RNA by the translational apparatus of the cell, or both. However, the inability of Sam68 to shuttle between the nucleus and cytoplasm favors a model in which it affects a nuclear event such as 5Ј capping, splicing, or 3Ј cleavage/polyadenylation of the RNA. To assess what effect Sam68 had on viral RNA splicing, we transfected cells with pgTat, pgTat⌬E, or pgTat⌬E⌬S SL1 in the presence or absence of Rev and/or Sam68 and determined the levels of unspliced and spliced viral RNAs by RT-PCR. Cotransfection with either Rev or Sam68 increased the ratio of unspliced to spliced RNA (U/S) for pgTat and pgTat⌬E⌬S SL1, with an increase in the amount of unspliced env RNA being observed (Fig. 3B) . Expression of Sam68 yielded the greatest increase in the level of unspliced viral RNA.
We showed previously that continued viral RNA synthesis was required for Rev to induce transport of the RNA (Iacampo and Cochrane 1996) . This observation suggests that there is a window of opportunity during viral RNA synthesis or shortly thereafter when the HIV-1 RNA is accessible to Rev-mediated export. If the interaction with Rev does not occur at this time, the unspliced RNA becomes committed to nuclear sequestration and degradation. This commitment to the sequestration pathway appears to be facilitated by the ESS3 within the terminal exon, because this element is able to block both splicing and Rev-mediated export of viral RNA to the cytoplasm (Pongoski et al. 2002) . The ability of Sam68 to induce gp120 expression from pgTat⌬E ( Fig. 3A) suggests that it might enhance Rev function through counteracting the effect of the ESS3. To test this hypothesis, we transfected cells with the env expression vector pgTat⌬E with plasmids expressing Rev, Sam68, or both proteins. Localization of unspliced RNA was subsequently determined by in situ hybridization. As shown in Figure 4 , expression of either Rev or Sam68 alone does not result in detectable cytoplasmic accumulation of unspliced RNA from the pgTaT⌬E vector. Although a low level of unspliced pgTat&dDgr;E RNA was detected in the cytoplasm in the presence of Rev alone upon fractionation (Fig.  2) , this may be below the threshold of detection for the in situ assay. In contrast, coexpression of both Sam68 and Rev is found to induce the transport of the unspliced env RNA to the cytoplasm. This observation indicates that Sam68 facilitates cytoplasmic transport of RNA from this vector.
Effects of Sam68 on viral RNA 3 end processing
The localization of unspliced RNA from pgTat⌬E in discrete foci within the nucleus (Fig. 4) is very similar to observations in other systems when 3Ј end processing of RNA is disrupted (Custodio et al. 1999; Brodsky and Silver 2000; Dower and Rosbash 2002) . The ability of Sam68 to reverse this localization suggests that it might play a role in viral RNA processing. To test whether Sam68 expression was affecting the extent of unspliced env RNA 3Ј end processing, we looked for its effect on 3Ј end cleavage of the unspliced env RNA. Cells were transfected with pgTat, pgTat⌬E, or pgTat⌬E⌬S SL1 in the presence and absence of Sam68 and the extent of 3Ј end processing of unspliced and spliced viral RNA analyzed using the probes detailed in Figure 1 . Coexpression of Sam68, in the presence or absence of Rev, resulted in a FIGURE 2. Selective transport by Rev of 3Ј-end-processed RNA to the cytoplasm. To examine which of the different RNAs are transported to the cytoplasm, cells transfected with pgTat, pgTat⌬E (⌬E), pgTat⌬E⌬S SL1 (⌬E⌬S SL1), or pgTat⌬E⌬S A1 (⌬E⌬S A1) in the absence (+M10) or presence (+Rev) of functional Rev were separated into nuclear and cytoplasmic fractions and RNA isolated. M10 is a variant of Rev, having several point mutations within the NES, rendering it unable to transport its target RNA to the cytoplasm. RNA was used in ribonuclease protection assays using the RNA probes described in Figure 1 . Following treatment with ribonuclease, samples were fractionated on denaturing PAGE gels and the location of bands determined following exposure to phosphor screens. Indicated at right and left are the identities of the various bands observed; unspliced, uncleaved (US/UC); unspliced, cleaved (US/C); spliced, uncleaved (S/ UC); spliced, cleaved (S/C). Shown at bottom of each lane is the US/C to US/UC ratio for each cell fraction examined. marked increase in the proportion of unspliced RNA that underwent 3Ј end processing for all constructs tested (Fig.  5A, cf. lanes 3,4, 7,8,11,12 and lanes 1,2,5,6,9,10) . The effect of Sam68 on the processing of pgTat⌬E RNA is particularly striking. Although very little 3Ј end processing occurred for pgTat⌬E RNA in the absence of Sam68 (Fig. 5A, lanes 5,6) , coexpression of Sam68 in the presence or absence of Rev significantly increased the level of 3Ј-end-processed forms of the unspliced RNA (Fig. 5A, lanes 7,8) . A summary of results from multiple, independent assays is presented in Figure 5B . Of particular note, Sam68 stimulation of 3Ј end processing occurred without an overall increase in the level of spliced RNA for any of the constructs tested. To test whether this effect required interaction of Sam68 with RNA, we examined whether a mutant form of Sam68 (Sam 178 G to D), deficient in RNA binding (Chen et al. 1997) , affected its function (Fig. 5C ). Although Sam68 increased the level of US/C RNA from pgTat and pgTat⌬E, expression of the Sam 178 G to D mutant had little or no effect.
In light of above results, we used the pAd2dsx⌬434 vector derived from the Drosophila doublesex (dsx) gene to test whether the ability of Sam68 to enhance 3Ј end formation was a feature unique to HIV-1 env RNA or reflected a more general enhancement of RNA 3Ј end processing ( Fig. 6 ; Szymczyna et al. 2003) . This vector contains dsx intron and exon sequences driven by the adenovirus major late promoter but lacks the ESE required for efficient splicing and 3Ј end formation. Upon transfection of pAd2dsx⌬434 alone, only a small fraction of the RNA undergoes 3Ј end cleavage. Coexpression of Sam68 increased the extent of 3Ј end processing ∼10-fold. In contrast, no such increase occurred when the Sam 178 G to D mutant was expressed.
Sam68 stimulation of 3 end processing does not lead to a correlative increase in cytoplasmic accumulation of viral RNA To test whether the increase in 3Ј end processing induced by Sam68 resulted in an enhancement of unspliced viral RNA export, we examined the nuclear and cytoplasmic fractions for the various forms of env RNA (Fig. 7) . As expected, Rev increased the amount of US/C RNA in the cytoplasm. However, expression of both Rev and Sam68 did not lead to a substantial increase in the amount of US/C RNA in the cytoplasm despite higher levels of this RNA in the nucleus. This result contrasts with our finding that coexpression of Sam68 increased the amount of gp120 from the same vector (Fig. 3A) . The significance of this difference between the effects of Sam68 on protein expression and RNA transport is considered further in the Discussion.
DISCUSSION
Previous studies on cis-acting sequences affecting HIV-1 RNA processing have cataloged a number of elements that regulate usage of the adjacent 3Ј ss (Amendt et al. 1994 ; FIGURE 3. Effect of Sam68 on HIV-1 env RNA expression and splicing. (A) Effect of Sam68 on env expression. Cells were transfected with pgTat, pgTat⌬E, or pgTat⌬E⌬S SL1 in the presence (+) or absence (−) of Rev and/or Sam68. Two days post-transfection, cells were harvested and lysates fractionated on SDS-PAGE gels. Following transfer to PVDF membranes, blots were probed with antibody against gp120. (B) Effect of Sam68 on env RNA splicing. Shown is a schematic of the expression vector used to assay the effect of coexpression of Sam68 mutants on viral RNA splicing. (Arrows) Position of primers used to detect the unspliced (U) and spliced (S) forms of the RNA by RT-PCR. To assess whether the effects of Sam68 are dependent on the presence of either ESE or ESS3, transfections were performed with pgTat or vectors lacking only the ESE (pgTat⌬E) or both the ESE and ESS3 (pgTat⌬E⌬S SL1) in the presence or absence of Rev and Sam68. Forty-eight hours post-transfection, total RNA was extracted and the level of unspliced and spliced RNAs determined by RT-PCR. Reactions were performed in the linear range of amplification. Unspliced to spliced RNA (U/S) ratios were determined following exposure to phosphor screens. To confirm that signals were not due to contaminating DNA, parallel reactions were run using pooled samples in the absence of RT (−RT).
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www.rnajournal.org O'Reilly et al. 1995; Staffa and Cochrane 1995; Si et al. 1998; Caputi et al. 1999; Bilodeau et al. 2001; Jacquenet et al. 2001 ). This report is the first demonstration that the ESS3 within the terminal exon of HIV-1 blocks RNA transport by inhibiting the cleavage and subsequent polyadenylation of the unspliced RNA. Based on the extent of cleavage of RNA containing ESS3 versus consensus hnRNP A1-binding sites, the effect on 3Ј end processing is not solely attributable to an inhibition of splicing. That is, both the ESS3 and consensus hnRNP A1 binding sites result in a similar inhibition of env RNA splicing ( Fig. 1 ; Asai et al. 2003) , but only RNAs containing ESS3 are blocked in cleavage and transport to the cytoplasm (Fig. 2) . The inhibition of 3Ј end processing is ESS3 dependent because its substitution with other sequences (pgTat⌬E⌬S SL1) restores processing to levels seen for pgTat. These observations suggest that the complex assembled on ESS3 consists of more than the multiple hnRNP A1 molecules that have been shown to bind to this region Zhu et al. 2001; Damgaard et al. 2002; Marchand et al. 2002) .
Analysis of the data in Figure 1 shows that the most abundant form of env RNA is the S/C, indicating that once the RNA is either spliced or cleaved, it is generally committed to becoming fully processed (i.e., spliced and cleaved). These results are consistent with recent observations that splicing and 3Ј end cleavage are mutually stimulatory (Bentley 2002; Millevoi et al. 2002; Neugebauer 2002; Proudfoot et al. 2002) . The detection of both US/C and S/UC species indicates that splicing and cleavage can occur independently but that the unspliced or uncleaved forms are either rapidly processed to S/C RNA or degraded. This poses a problem for HIV-1 because Rev-dependent transport requires generation of the US/C form of the RNA as shown in Figure 2 and as demonstrated previously (Huang and Carmichael 1996) . The similar extent of viral RNA processing and transport seen for pgTat and pgTat⌬E⌬S SL1 (Figs. 1, 2) suggests that the ESE is required for RNA splicing and 3Ј end processing only to counter the effect of the ESS3. These data, combined with previous work showing that Rev-transported RNA is a labile species within the nucleus (Iacampo and Cochrane 1996) , suggest a model for the fate of viral RNA following transcription (Fig. 8) . If splicing occurs first, the S/UC RNA is processed to the S/C form and subsequently transported to the cytoplasm in a Rev-independent fashion. However, if 3Ј end processing occurs first, unspliced RNA has two potential fates. Either it is bound by Rev and is transported to the cytoplasm or it undergoes splicing to generate the S/C form of the RNA. However, some env RNA generated does not follow any of the above pathways. If the ESS3-directed complex forms, the RNA does not commit to either splicing or 3Ј cleavage. As a result, this ESS3-env RNA complex remains trapped within the nucleus and is most likely degraded. The balance between the productive versus the dead end fate of the unspliced env RNA appears to be determined by the relative activities of the ESE and ESS3.
In light of the above model, factors that inhibit or stimulate Rev activity could do so by modulating the extent of cleavage/polyadenylation of the unspliced RNA. One factor that augments Rev activity is Sam68 (Reddy et al. 1999 (Reddy et al. , 2000 Soros et al. 2001; Li et al. 2002a) . As shown here, Sam68 not only increased gp120 production from pgTat but also rescued Rev-dependent expression of gp120 from pgTat⌬E (Fig. 3A) , an effect correlated with the stimulation FIGURE 4. Sam68 is able to restore Rev-induced transport of unspliced RNA from pgTat⌬E. To assess whether Sam68 stimulates Rev function through inhibition of ESS3 activity, cells were transfected with pgTat⌬E in the presence of Rev alone (+Rev), Sam68 alone (−Rev, +Sam68), or both Rev and Sam68 (+Rev, +Sam68). Cells were subsequently fixed and the localization of unspliced env RNA (unspliced RNA), Sam68 (mycSam68), and nuclei (DAPI) determined. Magnification was 630×. of 3Ј end cleavage of the RNA. The finding that Sam68 is also able to stimulate gp120 production and 3Ј end processing of unspliced RNA from pgTat⌬E⌬S SL1 suggests that Sam68 functions by affecting the cleavage process directly and not by antagonizing ESS3 activity. The ability of Sam68 to elicit a similar enhancement of dsx⌬434 3Ј end formation further supports the hypothesis that it is acting at a more general level to alter RNA processing. In light of previous observations regarding the coupled nature of RNA splicing and 3Ј end processing (Bentley 2002; Millevoi et al. 2002; Neugebauer 2002; Proudfoot et al. 2002) , it is of note that Sam68 stimulation of 3Ј end processing occurs without an increase in the level of spliced viral RNA. Cotransfection of Sam68 results in increased levels of unspliced RNA and decreased amounts of the spliced form in the presence or absence of Rev (Fig. 3B) . Although the increased levels of unspliced env RNA could be attributed to a stabilization of the RNA due to the presence of a poly(A) tail, the reduction in levels of the spliced form suggests an uncoupling of 3Ј end processing and splicing. Otherwise, the stimulation of 3Ј end processing would be expected to increase the level of cleaved, spliced viral RNA. The mechanism by which Sam68 achieves the stimulation of 3Ј end processing of unspliced viral RNA is unclear, although it has been recently demonstrated that Sam68 can function much like a SR protein in the stimulation of alternative splicing within the CD44 system (Matter et al. 2002) . SR and SR-related proteins have been demonstrated to affect both splicing and RNA 3Ј end processing (Zahler et al. 1992; Lou et al. 1996; Manley and Tacke 1996; Blencowe et al. 1999; McCracken et al. 2002) . The absence of an equivalent protein-protein interaction domain (the RS repeats) within Sam68 raises the question as to how it may be mediating equivalent interactions. Although recent work has documented the interaction of Sam68 with both hnRNP K and the transcriptional cofactor CBP (Hong et al. 2002; Yang et al. 2002) , the nature of these interactions does not immediately suggest a model for the effect of Sam68 on RNA processing. However, analysis of Sam68 high affinity binding sites within RNA has determined a preference for UAAA that forms part of the AAUAAA consensus sequence of the eukaryotic polyadenylation signal (Lin et al. 1997; Itoh et al. 2002) . This fact raises the possibility that Sam68 may interact directly with the polyadenylation signal to recruit the necessary machinery for RNA cleavage and polyadenylation. In support of this hypothesis, a mutation within the RNAbinding domain of Sam68 (Sam 178 G to D), which results in loss of RNA binding, was unable to stimulate 3Ј end processing of either env or dsx⌬434 RNA. Further analysis of the domains of FIGURE 5. Sam68 coexpression stimulates 3Ј end processing of unspliced env RNA. (A) Sam68 enhances 3Ј end processing of unspliced env RNA. Cells were transfected with pgTat, pgTat⌬E, or pgTat⌬E⌬S SL1 (⌬E⌬S SL1) in the presence or absence of vectors expressing Rev and Sam68. Total RNA was subsequently extracted and used in RNA protection assays to look for changes in the extent of 3Ј end processing of unspliced and spliced viral RNAs. Following digestion, samples were run on denaturing PAGE gels and the position of bands determined following exposure to phosphor screens. Indicated on the right are the identities of the various bands expected; unspliced, uncleaved (US/UC); unspliced, cleaved (US/C); spliced, uncleaved (S/UC); spliced, cleaved (S/C). At the bottom of each lane is the ratio of US/C to US/UC for each of the samples analyzed. (B) Summary of RPA data. Shown is a compilation of data from multiple trials examining changes in the US/C to US/UC ratio for the indicated plasmid in response to coexpression of Rev alone, Sam68 alone, or both Rev and Sam68. Values are expressed relative to ratios observed in the absence of Rev or Sam68. (C) RNA binding is required for Sam68 function. Cells were transfected with pgTat or pgTat⌬E with a control vector (pcDNA3.1), one expressing Sam68 (Sam68), or an RNA binding mutant of Sam68 (Sam 178 G to D). Two days post-transfection, total RNA was harvested and used in a RPA assay to detect the various forms of env RNA present. (Right) Compilation of RPA data from multiple trials, all values normalized to the extent of cleavage observed upon cotransfection with pcDNA3.1.
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Sam68 required for stimulation of Rev activity and the testing for interactions with components of the polyadenylation machinery could provide insights into its mechanism of action. However, the observation that Sam68 is able to modulate RNA 3Ј end processing reveals a novel activity for this factor and suggests that it may play a similar role in the case of host genes whose polyadenylation signals may be suboptimal.
Although we have found a correlation between the ability of Sam68 to stimulate RNA 3Ј end formation and the production of HIV-1 structural protein (gp120), the increase in protein synthesis is not a result of a comparable increase in cytoplasmic accumulation of the unspliced viral RNA (Fig.  7) . This is despite the increased level of nuclear US/C RNA, the favored substrate for Rev export. However, these findings are similar to recent work examining the effect of Sam68 in a comparable system. Sam68 increased protein production of HIV-1 Gag expressed using the CTE transport element without affecting the cytoplasmic accumulation of the RNA, suggesting that it acts to enhance the translation of the RNA (Coyle et al. 2003) . However, the question remains how this nuclear, nonshuttling protein (Soros et al. 2001) can alter the cytoplasmic fate of the RNA. One suggestion is that Sam68 deposits a mark on the RNA that promotes its utilization by the translational machinery (Coyle et al. 2003) comparable to the exon junction complex left after an RNA is spliced (Kataoka et al. 2000; Le Hir et al. 2000a,b) . Recent work has demonstrated that splicing of an RNA can enhance synthesis of the encoded protein in a manner that is not directly correlated with changes in RNA abundance and without affecting the cytoplasmic accumulation of the affected RNA (Lu and Cullen 2003; Nott et al. 2003) . In light of this precedent, it is possible that Sam68, in the course of promoting 3Ј end formation, induces formation of an RNP complex that affects the translation efficiency of the RNA. Given the role of the poly(A) tail in promoting translation through the binding of PABP and interaction with eIF4G (Gallie 1998; Wells et al. 1998) , complexes that facilitate or inhibit these interactions would be anticipated to have significant effects on the translation efficiency of a particular mRNA. Further studies will be necessary to test these predictions.
MATERIALS AND METHODS
Expression constructs
The following plasmids have been previously described: Bl SVhygro, SVH6Rev (Olsen et al. 1990 ), pgTat (Malim et al. 1989) , Bl envHindIII (Seguin et al. 1998) , pgTat⌬E, pgTat⌬E⌬S SL1, pgTat⌬E⌬S A1 (Asai et al. 2003) , pcDNA3.1 (Invitrogen), and pcDNA3.1-based myc-tagged Sam68 (Soros et al. 2001) . The pAd2dsx⌬434 was provided by Dr. B. Blencowe (University of Toronto, Canada) and has been described previously (Szymczyna et al. 2003) .
Cell lines and transfections
HeLa and 293 cells were maintained in Iscove's modified Dulbecco's media (IMDM) supplemented with 10% fetal bovine serum (FBS), 50 µg/mL gentamycin sulfate, and 2.5 µg/mL amphotericin B. For transient expression studies, vectors were introduced by calcium phosphate transfection (Kriegler 1990) . Two days post-transfection, cells were harvested for analysis. For the analysis of the effect of Sam68 on gp120 production from pgTat or mutants thereof, transfected cells were harvested two days post-transfection in 2× dissociation FIGURE 6. Sam68 stimulates 3Ј end processing of Drosophila doublesex (dsx) RNA. (A) Schematic of Drosophila doublesex (pAd2 dsx⌬434) expression construct used, boxes and lines denoting exon and intron sequences, respectively. The line below denotes the location of the RNA probe used in the RPA assays. (B) Effect of Sam68 on dsx RNA processing. Cells were transfected with pAd2 dsx⌬434 in the presence of control vector (pcDNA3.1), Sam68 (Sam68), or the Sam68 RNA binding mutant Sam 178 G to D (Sam 178 G to D) . Two days posttransfection, total RNA was isolated and levels of uncleaved (UC) and cleaved (C) dsx RNA determined by RPA. Protected products were detected following exposure to phosphor screens. Shown are the ratios of cleaved to uncleaved RNA for each of the samples analyzed. To verify equivalent loading of RNA, parallel reactions were run to detect expression from the cotransfected VA plasmid. Similarly, Western blots were performed to confirm expression of the myc-tagged Sam68 and Sam 178 G to D mutant (anti-myc). (C) Summary of RPA data. Shown is a compilation of data from multiple trials examining changes in the cleaved to uncleaved dsx RNA upon coexpression of Sam68 or Sam 178 G to D. Results are expressed relative to values observed upon transfection with pAd2 dsx⌬434 alone. buffer (0.125 M Tris-HCl at pH 6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue), boiled, and fractionated on 7% SDS PAGE gels. Following transfer to PVDF membrane, blots were probed with monoclonal mouse anti-gp120 antibody (kindly provided by H. Schaal, Heinrich-Heine-University of Duesseldorf, Germany) and developed using horseradish peroxidase conjugated donkey anti-mouse antibody and the Western Lightning kit (Perkin-Elmer).
In situ hybridization
Transfections for in situ hybridization were performed on 2 × 10 5 HeLa cells as follows: 1.25 µg pgTat⌬E, 0.25 µg BlSVhygro or BlSVH6Rev, and 5 µg pcDNA3.1 or the myctagged Sam68 as described in Results. DNA was equalized to 6.5 µg per transfection. In situ hybridization was performed as previously described (Seguin et al. 1998 ). Digoxigenin-labeled Env-HindIII probe, antisense to HIV-1 env mRNA, was used to probe unspliced HIV RNA. The probes were synthesized using the digoxigenin RNA labeling kit (Roche) and XhoI-digested Bl-env-HindIII template. Cotransfected myc-tagged proteins were detected with the monoclonal anti-myc antibody (Invitrogen Inc.). FITC-conjugated sheep anti-digoxigenin antibody (Boehringer Mannheim) and Texas-red-labeled anti-mouse were used to detect the antisense probes and myc-tagged proteins, respectively.
RNA analysis
In most instances, Hela/293 cells (1.5 × 10 6 cells) were transfected with 2 µg of pgTat, pgTat⌬E, pgTat⌬E⌬S SL1, or pgTat⌬E⌬S A1, 0.4 µg SVhygro or SV Rev, and 8 µg of pcDNA3.1 or pc mycSam68. Forty-eight hours post-transfection, total RNA was harvested using the protocol of Chomczynski and Sacchi (1987) . RT-PCR analysis was performed as described previously (Pongoski et al. 2002) with the modification that CR-Tat (5Ј-AGTGGTGGGCCTAGTTGCAGTA-3Ј) was used as the reverse primer. Briefly, cDNA was generated from 3 µg of total RNA using DR12 (5Ј-AGGGGTGGACAG-3Ј) and M-MLV reverse transcriptase according to the manufacturer's protocol (GIBCO). PCR was subsequently performed with a 32 P end-labeled reverse primer and two forward primers that specifically detect cDNA representing spliced and unspliced RNA. Using Taq polymerase (Boehringer-Mannheim), 30 cycles of amplification were performed as follows: 1 min 94°C, 1 min 56°C, 2 min 72°C.
To monitor the status of the 3Ј end of both spliced and unspliced env RNA, RNA probes containing the last 87 nt of the intron and extending 90 nt 3Ј of the consensus AAUAAA polyadenylation signal for each construct tested were used in RNA protection assays. In the case of Ad2dsx⌬434, analysis was performed as described previously (Szymczyna et al. 2003) . Probe was incubated with 10 or 30 µg of total RNA in 80% formamide, 40 mM PIPES at pH 6.4, FIGURE 7. Effect of Sam68 on the nuclear/cytoplasmic distribution of HIV-1 env RNA. Cells were transfected with pgTat in the presence or absence of functional Rev and/or Sam68. Nuclear and cytoplasmic fractions were subsequently prepared and RNA extracted and used in RNA protection assays. Following fractionation on denaturing PAGE gels, the location of bands was determined by exposure to phosphor screens. Indicated at right are the identities of the various bands observed; unspliced, uncleaved (US/UC); unspliced, cleaved (US/C); spliced, uncleaved (S/UC); spliced, cleaved (S/C). Also shown is the ratio of US/C to US/UC for each of the samples analyzed. FIGURE 8. Outline of HIV-1 env RNA metabolism. Following synthesis, the US/UC form of env RNA has two potential fates: (1) undergoing cleavage and polyadenylation to generate the US/C form or (2) being spliced to produce S/UC RNA. The ESS3 acts at this stage to block both processing events. In contrast, Sam68 selectively promotes the formation of the US/C form of env RNA. Once generated, the S/UC RNA can be further processed by 3Ј end cleavage/ polyadenylation to generate S/C RNA that is subsequently transported to the cytoplasm in a Rev-independent fashion. The US/C RNA has two possible fates: (1) undergoing splicing to generate S/C RNA or (2) interacting with Rev and being transported into the cytoplasm through the Crm-1 pathway. Indicated are the identities of the various RNAs observed; unspliced, uncleaved (US/UC); unspliced, cleaved (US/C); spliced, uncleaved (S/UC); spliced, cleaved (S/C).
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www.rnajournal.org 1 mM EDTA, 0.4 M NaCl for 12-16 h at 50°C. Following hybridization, samples were digested according to manufacturer's suggestions (Ambion). Following ethanol precipitation, samples were resuspended in 90% formamide, 2 mM EDTA and fractionated on 4% or 6% polyacrylamide, 8 M urea gels. Position of bands was determined following exposure to phosphor screens and scanning using a PhosphorImager. To test for the selective transport of particular env RNA forms, nuclear and cytoplasmic fractions were prepared as previously described (McCracken et al. 1998 ) with the following amendments: Cells were harvested in 1× TBS, 2 mM EDTA and EDTA was added to the hypotonic lysis buffer to a final concentration of 10 mM to remove any remaining polysomal RNA from the nuclear fraction (Weil et al. 2000) . RNA was isolated and analyzed from the individual fractions as indicated above. The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
